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Abstract 
The liquid–solid reaction between Sn3Ag0.5Cu and Au/Pd(P)/Ni(P) tri–layer with three different joint diameters 
(djoint), 200 μm, 150 μm, and 60 μm, were investigated in this study.  The reaction product(s) strongly depended on 
djoint.  In the case of djoint = 200 μm, the predominant product after reaction at 245oC for 80 s was a continuous 
(Cu,Ni)6Sn5.  When djoint slightly reduced to 150 μm, a mixture of (Cu,Ni)6Sn5 and (Ni,Cu)3Sn4 grew at the interface.  
When djoint further reduced to 60 μm, the (Cu,Ni)6Sn5 was completely replaced by (Ni,Cu)3Sn4.  Moreover, a 
significant amount of isolated (Pd,Ni)Sn4 domains scattered inside the solder matrix near the interface.  The transition 
of the microstructure was attributed to the decrease of Cu concentration (CCu) and increase of Pd concentration (CPd) 
as djoint reduced.  This finding suggests that the solder volume is an important factor in determining the microstructure 
of solder joints. 
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1. Introduction 
Recently, the Au/Pd(P)/Ni(P) tri–layer (generally named ENEPIG) has become a very popular 
metallization pad to replace the Au/Ni(P) bi–layer (generally named ENIG) in the printed–circuit–board 
(PCB) or chip–carrier substrate surface finish applications.  The insertion of a Pd(P) film between Au and 
Ni(P) not only improves the wettability but acts as a diffusion barrier between the two metals [1–2].  
Additionally, the Pd(P) film prevents the Ni(P) from the galvanic hyper–corrosion induced by the 
immersion Au plating, thereby reducing the concern of “black pads” [3–4]. 
During soldering, the Au/Pd(P) layers would quickly alloy with molten solder at an early stage of 
soldering [5].  After the Pd(P) was removed, the underlying Ni(P) was exposed to the solder containing 
Pd.  The Pd concentration (CPd) in the solder varies with the Pd(P) film thickness (įPd) and solder joint 
size (djoint) (discussed later).  The liquid–solid reaction between Sn3Ag0.5Cu–xPd alloy and electrolytic 
Ni at 250oC has been recently investigated by Ho et al. [6].  The reaction product(s) and the resulting 
mechanical properties are both strongly dependent on CPd.  When CPd is low (x  0.2 wt.%), the 
predominant reaction product is a continuous layer of (Cu,Ni)6Sn5.  As CPd increases to 0.3 wt.%, two 
compounds, discontinuous (Pd,Ni)Sn4 + continuous (Cu,Ni)6Sn5, simultaneously nucleate at the interface.  
The former phase [(Pd,Ni)Sn4] tends to develop as a layer structure over (Cu,Ni)6Sn5 when CPd further 
increases to more than 0.5 wt.% (x = 0.5–1 wt.%).  The formation of one compound or another in this 
case is argued to be dictated by the local equilibrium between Ni and molten solder [6–8].  The presence 
of the (Pd,Ni)Sn4–(Cu,Ni)6Sn5 dual layer at the interface significantly weakens the interfacial strength, 
deteriorating the reliability of solder joints [6].  It is worth emphasized that in the study [6], the djoint is 
1200 μm but the metallization pad diameter (dpad) is only 375 μm; thus CPd and Cu concentration (CCu) in 
the Sn3Ag0.5Cu–xPd alloy does not reduce significantly when limited amounts of Pd– and Cu–
consuming compounds [i.e., (Pd,Ni)Sn4 and (Cu,Ni)6Sn5] grew at the interface [6]. 
In array–array packaging applications, however, the djoint and dpad magnitude are roughly the same 
(typically djoint/dpad ~ 1.2) and the djoint seldom exceeds 500 μm.  Consequently, the concentrations of the 
reaction active elements (e.g., Cu and Pd) can dramatically be altered during reaction, and thereby might 
affect the joint microstructure.  The goal of this study is to probe into the liquid–solid reaction between 
Sn3Ag0.5Cu and Au/Pd(P)/Ni(P), where dpad is fixed at 85 μm and djoint varies from 60 μm to 200 μm.  In 
this examined case, the effect of solder volume on the interfacial reaction must be taken into 
consideration because CCu and CPd both strongly correlate with djoint, which is different from that 
encountered in the literature [6–8].  It is therefore of great interest to observe the combined effect of 
solder volume and concentrations of reaction active elements (Pd and Cu) on the joint microstructure. 
2. Experimental 
Figure 1 illustrates the solder joint configuration used in this study.  The solder balls consisted of 96.5 
wt.% Sn–3 wt.% Ag–0.5 wt.% Cu (hereafter termed Sn3Ag0.5Cu) with three different djoint, 200 μm, 150 
μm, and 60 μm, were applied in this study.  The Au/Pd(P)/Ni(P) tri–layer was deposited over a 85–μm–
opening Cu pad of a chip–carrier substrate (Fig. 1).  The thicknesses of Au/Pd(P)/Ni(P) were about 0.1 
μm, 0.15 μm, and 7 μm, respectively.  A small amount of P, (2–5) wt.%/(6–8) wt.%, co–deposited with 
the Pd/Ni bi–layer because of an alkaline solution of hypophosphite used in the plating [5]. 
The liquid–solid reaction between Sn3Ag0.5Cu solder ball and Au/Pd(P)/Ni(P) tri–layer was carried 
out in a proportional–integral–derivative (PID) controlled furnace setup at 245(±3)oC.  After reaction for 
80 s, solder joints were quenched in water immediately.  They were then mounted in epoxy and cross 
sectioned by a metallographic grinding–polishing process to reveal interior microstructures of the joints.  
The composition of each phase was determined using field–emission electron probe microanalysis (FE–
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EPMA) operated at 12 keV.  For every data point, at least three measurements were made, and the 
average value was reported.  Additionally, electron backscatter diffraction (EBSD) was employed to 
identify the crystal structure of each phase. 
 
Fig. 1. Schematic diagram of a Sn3Ag0.5Cu/Au/Pd(P)/Ni(P) solder joint used in this study (before reaction), where djoint is 200 μm, 
150 μm, and 60 μm, respectively. 
3. Results
Figure 2 is a micrograph showing the cross–sectional view (a–c) and top view (d–f) microstructures 
between Sn3Ag0.5Cu and Au/Pd(P)/Ni(P) after reaction at 245oC for 80 s.  The djoint for each examined 
case were 200 μm (a, d), 150 μm (b, e), and 60 μm (c, f), respectively.  There were two compound layers 
grew at the interface in the case of djoint = 200 μm, as can be noted in Fig. 2a.  The compound adjacent to 
solder was identified to have Cu6Sn5–based structure, as evidenced by EBSD Kikuchi pattern in Fig. 3a–b.  
With the aid of EPMA, the detailed composition of the Cu6Sn5 phase was measured to be 32.9 at.% Cu, 
20.8 at.% Ni, 44.9 at.% Sn, and a rare amount of Pd + Au (less than 2 at.%), indicating a significant 
amount of Ni has incorporated into Cu6Sn5 by replacing Cu sublattice sites.  Consequently, the compound 
can be more properly referred to as (Cu0.6Ni0.4)6Sn5.  The formation of the (Cu,Ni)6Sn5 rather than Ni3Sn4 
at the solder/Ni(P) interface agreed well with the findings reported in the literature [9–11], in which the 
former phase [(Cu,Ni)6Sn5] is argued to be more thermodynamically stable than another when the Cu 
concentration in solder is equal to or more than ~0.4 wt.%.  The alternative phase that grew between 
(Cu0.6Ni0.4)6Sn5 and Ni(P) primarily consisted of Ni and P.  The Ni/P ratio of the phase was approximately 
3 : 1 as identified by EPMA, indicating it is the Ni3P phase. 
Interestingly, when djoint slightly reduced to 150 μm, the situation became remarkably different.  As 
shown in Fig. 2b, the (Cu,Ni)6Sn5 became discontinuous and coarser than that observed in the case of djoint 
= 200 μm (Fig. 2a) although the composition of the phase maintained approximately the same.  
Additionally, there were many needle–like grains scattered at/near the interface, which has never been 
observed in the large joint case.  With the aids of FE–EPMA and EBSD (Fig. 3c–d), the grains were 
identified as the (Ni,Cu)3Sn4 phase. 
As djoint further reduced to 60 μm, the (Ni,Cu)3Sn4 became a layered structure and the (Cu,Ni)6Sn5 
disappeared from the interface.  Additionally, there were plenty of isolated phase domains with an 
irregular morphology scattered near the interface, as shown in Fig. 2c.  With the aid of EBSD, the isolated 
domains were identified to have the PdSn4–based structure (Fig. 3e–f).  With the aid of EPMA, the 
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composition was determined to be 6.6 at.% Pd, 2.9 at.% Au, 9.2 at.% Ni, and 80.3 at.% Sn (average), 
corresponding to the stoichiometry of (Pd0.35Au0.16Ni0.49)Sn4. 
To demonstrate the difference of the morphology of reaction product(s) in more detail, the solder cap 
was subsequently etched away by a nitric acid solution.  A bird’s–eye view of the interface showed that 
the (Cu,Ni)6Sn5 in the case of djoint = 200 μm exhibits scallop–like morphology, which uniformly 
distributes throughout the entire pad (Fig. 2d).  However, the (Cu,Ni)6Sn5 grains in the case of djoint = 150 
μm existed in form of individual grains, rather than the dense layer observed in Fig. 2d.  In the regions 
without covering with (Cu,Ni)6Sn5, the typical Ni(P) nodules were exposed accordingly (Fig. 2e).  There 
was an additional thin layer grew on the surface of the nodules.  The layer was identified to be Ni2SnP, as 
evidenced in Fig. 3g–h.  This finding was very similar with that reported in the literature [12–13], which 
shows the use of the Pd(P) finish would induce the growth of Ni2SnP at the solder/Ni(P) interface, even 
though the P content of the Ni(P) layer was still low (~7 wt.%).  A dense, rod–like (Ni,Cu)3Sn4 layer 
completely replaced the (Cu,Ni)6Sn5 grains at the interface when djoint further reduced to 60 μm, as shown 
in Fig. 2f.  The transition from (Cu,Ni)6Sn5 to (Ni,Cu)3Sn4 can be rationalized through a thermodynamic 
argument, as discussed in the next section. 
 
 
Fig. 2. (a–c) Optical micrographs showing the reaction zones between Sn3Ag0.5Cu and Au/Pd(P)/Ni(P) after reaction at 245oC for 
80 s.  (d–f) Top view of the reaction products shown in (a–c).  The solder joint diameter (djoint) are 200 μm (a, d), 150 μm (b, e), and 
60 μm (c, f). 
 
 
Fig. 3. The EBSD Kikuchi patterns with indexed zones of (a) (Cu,Ni)6Sn5; (c) (Ni,Cu)3Sn4; (e) (Pd,Ni)Sn4; (g) Ni2SnP phases.  (b, d, 
f, h) The same patterns without the indexed zones of (a), (c), (e) and (g), respectively. 
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4. Discussion
The most interesting finding in this study was that the reaction product(s) between Sn3Ag0.5Cu and 
Au/Pd(P)/Ni(P) tri–layer strongly correlated with djoint.  As the djoint decreased, the predominant product 
translated from one single (Cu,Ni)6Sn5 (djoint = 200 μm), to (Cu,Ni)6Sn5 + (Ni,Cu)3Sn4 (djoint = 150 μm), 
and then to (Ni,Cu)3Sn4 + (Pd,Au,Ni)Sn4 (djoint = 60 μm).  We attributed this translation to the decrease of 
CCu and increase of CPd as djoint reduced (discussed below). 
4.1. Cu concentration variation ('CCu) 
During soldering reaction, the Cu atoms in the solder were quickly incorporated into the reaction 
product(s) [i.e., (Cu,Ni)6Sn5 and (Ni,Cu)3Sn4], and thereby the available Cu in the solder would be 
consumed gradually with the reaction.  Based on the mass balance of Cu, the drop of Cu concentration in 
the solder ('CCu) can be described as [14]: 
]wt.%[40 ǻ
560.40.6 Sn)Ni(Cu3
joint
2
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Cu Gd
d
C #                                                 (1) 
where 560.40.6 Sn)Ni(Cu
G
 represents the thickness of the (Cu0.6Ni0.4)6Sn5 at the interface.  In Eq. (1), the Cu 
consumption resulting from (Ni,Cu)3Sn4 was neglected because only a limited amount of Cu was 
incorporated into the phase (usually less than 7 wt.% [9–11, 14]). 
From Eq. (1), one can see that 'CCu is proportional to 560.40.6 Sn)Ni(Cu
G
, the square of dpad, and the 
inverse of cubic djoint.  The dpad was 85 μm in this study.  For a one–μm–thick (Cu0.6Ni0.4)6Sn5 growing at 
the interface, the 'CCu as a function of djoint can be calculated and the result was plotted by the dotted–line 
illustrated in Fig. 4.  The value of 'CCu decreased more and more significantly with the shrinkage of djoint 
can be noted in this figure, reflecting the fact that 'CCu is a function of the inverse of cubic djoint.  In other 
words, 'CCu can be enlarged substantially in a small solder joint, even though all of the other parameters, 
e.g., reaction condition and material configuration, are the same. 
For the case of djoint = 200 μm, 560.40.6 Sn)Ni(Cu
G
 was measured to be ~1.9 μm after reaction at 245oC for 
80 s.  The insertion of all the known parameters into Eq. (1) yielded 'CCu to be approximately -0.07 wt.%, 
indicating that CCu (= 0.5 wt.%) is approximately unchanged after the reaction.  According to the 
literature [9, 11, 14–15], the critical Cu concentration to initiate the transition of (Cu,Ni)6Sn5 to 
(Ni,Cu)3Sn4 was roughly 0.3–0.4 wt.% at the temperature range of 235–250oC.  Thus, the formation of a 
dense (Cu,Ni)6Sn5 layer at the interface can be expected (Fig. 2a and 2d) because the residual Cu 
concentration in the 200–μm–djoint case (0.5 - 0.07 = 0.43, wt.%) was more than the value (i.e., 0.3–0.4 
wt.%) as reported in [9, 11, 14–15]. 
When djoint reduced from 200 μm to 150 μm, the residual Cu concentration in the solder will be less 
than 0.4 wt.% if the same 560.40.6 Sn)Ni(Cu
G
 (1.9 μm) was taken into the calculation.  Consequently, the 
growth of a dense (Cu,Ni)6Sn5 next to the solder was no longer thermodynamically stable and there will 
be a huge driving force for Ni3Sn4 [or (Ni,Cu)3Sn4] nucleation at the interface [9, 11, 14–15].  The 
observation of Fig. 2b and 2e shows that the layered–type (Cu,Ni)6Sn5 is destroyed and plenty of needle–
like (Ni,Cu)3Sn4 grains form at the interface, suggesting that the residual Cu concentration in this case is 
lower than 0.3–0.4 wt.%; thus, the reaction product at the solder/Ni(P) interface tends to shift from 
(Cu,Ni)6Sn5 to (Ni,Cu)3Sn4. 
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Fig. 4. 'CPd and 'CCu against djoint. 
For the case of djoint = 60 μm, the entire Cu in the solder (0.5 wt.%) can be completely exhausted as 
long as a 0.38 μm of (Cu0.6Ni0.4)6Sn5 layer grew at the interface.  This suggests that the growth of 
(Ni,Cu)3Sn4 would quickly dominate over the (Cu,Ni)6Sn5, hindering the development of (Cu,Ni)6Sn5 at 
the interface.  It is, therefore, not surprised to observe that the (Ni,Cu)3Sn4 completely replaces 
(Cu,Ni)6Sn5 in the small joint (Fig. 2c and 2f).  Our further estimation showed that the Cu in the 
examined case primarily exists in the form of (Ni,Cu)3Sn4. 
4.2. Pd concentration variation ('CPd) 
The removal of Pd (or Pd–P) film from the metallization pad during soldering exposed the underneath 
Ni (or Ni–P) to the molten solder containing various Pd concentrations, depending on the Pd thickness 
and joint dimension.  Based on the mass balance of Pd, the difference of Pd concentration before and after 
reaction ('CPd) can be described as: 
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where įPd represents the Pd thickness, which is ~0.15 μm in the present work.  The ȡPd and ȡsolder 
represent the densities of Pd (12.02 g/cm3) and solder (7.4 g/cm3 for Sn–Ag–Cu alloy), respectively. 
Eq. (2) shows that 'CPd is proportional to įPd, the square of dpad, and the inverse of cubic djoint.  At a 
given įPd (~0.15 μm) and dpad (85 μm), the correlation between 'CPd and djoint was therefore established 
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and the result was plotted as the solid–line shown in Fig. 4.  This calculation was only valid for 
dissolution of a 0.15–μm–thick Pd into the molten solder during soldering.  As can be observed in the 
'CPd–djoint line (Fig. 4), the resulting 'CPd were only 0.03 wt.% and 0.08 wt.% for djoint = 200 μm and 
djoint = 150 μm, respectively.  However, this value rose to ~1.2 wt.% once djoint reduced to 60 μm, at 
which 'CCu was also relatively large among all of the examined cases.  This leads the (Cu,Ni)6Sn5 
compound layer was completely replaced by a layer of (Ni,Cu)3Sn4 along with a significant amount of 
(Pd,Ni)Sn4 at the interface.  The observation agreed well with the findings reported previously in the 
literature [6], which shows the growth of (Pd,Ni)Sn4 is predominant when CPd exceeds 0.5 wt.% for the 
Sn3Ag0.5Cu–xPd/Ni system (or 0.2 wt.% for the Sn–xPd/Ni system [7–8]). 
The results of the literature [6–8] revealed that the (Pd,Ni)Sn4 tends to develop as a layered structure at 
the interface when the Pd concentration was sufficiently high, which is distinctly different from that 
observed in the djoint = 60 μm case (Fig. 2c and 2f) where 'CPd is as high as 1.2 wt.% but the (Pd,Ni)Sn4 
is still discontinuous.  The disagreement of (Pd,Ni)Sn4 morphology between the present work and the 
literature case [6–8] suggests that the growth kinetics of (Pd,Ni)Sn4 in these two cases are different.  For 
the case reported in the cited literature [6–8], the Pd of (Pd,Ni)Sn4 derived from the solder, e.g., Sn–xPd 
or Sn3Ag0.5–xPd.  Kinetically, the formation of (Pd,Ni)Sn4 at the interface relied on the diffusion of Pd 
atoms/ions from solder to the interface where the Pd reacted with Sn and Ni as (Pd,Ni)Sn4 [8].  The Pd 
inside the solder alloy might exist in the forms of Pd atom or PdSn4 intermetallic, depending on CPd and 
temperature [8].  As far as the Pd in the form of PdSn4 is concerned, PdSn4 must be decomposed into Pd 
and Sn atoms first during the reaction, and the former species (i.e., Pd) then diffused to the interface 
where they crystallize with Ni and Sn as (Pd,Ni)Sn4 that has dissolved with a large amount of Ni. 
For the case that the Pd derived from the electroless Pd (EP) layer (this study), Ho et al. [5] found that 
the EP layer can quickly react with Sn and Ni as (Pd,Ni)Sn4 before it alloyed with the molten solder 
during soldering.  Afterward, the (Pd,Ni)Sn4 broke off from the roots of the grains and split into the solder 
as a unit of (Pd,Ni)Sn4, rather than the Pd atoms into the solder [5].  It means that a significant amount of 
Ni atoms has been incorporated into the (Pd,Ni)Sn4 phase at the very beginning of reaction.  Thus, there 
was no driving force for the (Pd,Ni)Sn4 grains to resettle to the interface, especially when they were 
saturated with Ni. 
5. Conclusions 
The liquid–solid reaction between Sn3Ag0.5Cu and Au/Pd(P)/Ni(P) tri–layer at 245oC was 
investigated in this study.  The reaction was strongly dependent on djoint.  When djoint reduced from 200 
μm to 60 μm, the residual Cu concentration in the solder decreased from 0.43 wt.% to approximately 0 
wt.% after reaction for 80 s, while the Pd concentration increased inversely from 0.03 wt.% to 1.2 wt.%.  
The variation of Pd and Cu concentrations played a central role in growth of the compound layer(s) at the 
solder/Ni(P) interface.  The compound changed from (Cu,Ni)6Sn5 to (Ni,Cu)3Sn4 accompanied with 
plenty of (Pd,Ni)Sn4 grains due to the decrease of Cu concentration and increase of Pd concentration.  
The results of this study indicate that the joint size (djoint) is a very important factor in determining the Pd 
and Cu concentrations in the solder, which significantly affects the microstructure of solder joints. 
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